Neurogranin binds to phosphatidic acid
INTRODUCTION
Neurogranin (Ng) (also named RC3, p17 or BICK) is a small protein originally identified in rat brain [1] [2] [3] that is abundantly expressed in the cerebral cortex, hippocampus, amygdala and basal ganglia. Ng expression develops postnatally in most areas and peaks during the second and third postnatal week in rodents [4] , coincident with periods of active dendrite branching, synaptogenesis and the maturation of synaptic plasticity signalling cascades [5] . Ng binds calmodulin (CaM) in the absence or at low levels of Ca 2+ [6] and is phosphorylated by protein kinase C (PKC) [1] . CaM binding and PKC phosphorylation occur at a central region of the molecule that shows high homology to the IQ motif present in GAP-43, an axonal protein abundantly expressed in developing and regenerating neurons [7] . CaM binding and PKC phosphorylation at the IQ motif are mutually excluding events.
Ng knock-out mice show severe deficits in performing hippocampus-dependent tasks [8, 9] . It has been
proposed that these cognitive deficits are caused by the attenuation of Ca 2+ and Ca 2+ /CaM-mediated signalling [10] according to the following scheme. In the postsynaptic environment of resting neurons, Ng would be bound to CaM. Following excitatory stimulation, a rise in Ca 2+ levels and PKC activation would 65% nitric acid overnight, extensively washed with distilled water and heat-sterilized. Affinity-purified antibodies to Ng were used at 1:500. Two different methods were used for IF. Conventional IF method:
The whole procedure was performed at room temperature. After a quick rinse with PBS, cells were fixed with 4% PFA in PBS for 20 min, washed three times with PBS and incubated with 0.1 M glycine pH 8.0 to inactivate free aldehydes. Blocking non-specific binding and permeabilization was achieved by incubating in blocking buffer (5% heat-inactivated horse serum, 0.1% (w/v) Nonidet P-40 (NP-40) in PBS) for 30
min. Primary and secondary antibody incubations were done in blocking buffer for 60 and 45 min, 
Extracts, density fractionation and western blots
Rats were sacrificed according to the EEC rules and their brains quickly removed and cleaned from meninges and blood clots. All subsequent steps were performed at 4ºC. For density fractionation, rat forebrains (without cerebellum and brain stem) were homogenized (1:10, w/v) in 0.32 M sucrose, 1 mM EDTA and 10 mM MOPS pH 7.4 and centrifuged at 1,300 xg (10 min) to obtain a pellet (P1) and a supernatant (S1) that was again centrifuged (15,000 xg, 15 min). The supernatant (S2) was centrifuged at 150,000 xg (60 min) to obtained a soluble (S3) and particulate (P3) fraction. The pellet (P2) was resuspended in homogenization buffer, layered on top of a discontinuous sucrose gradient consisting of 4 ml of 1.2 M sucrose and 3.5 ml of 0.8 M sucrose in the same buffer. After centrifugation (100,000 xg, 30 min, swinging bucket), the material accumulated at the upper (Mye) and lower (Syn) interphases was collected. For hypotonic extraction, tissue was homogenized in a buffer containing 10 mM Tris-HCl pH 7.4, 2 mM EDTA, 10 mM 2-mercaptoethanol, 1 mM PMSF, 1 μg/ml Aprotinin, 1 μg/ml Leupeptin and 1 μg/ml Pepstatin. Homogenates were then centrifuged at 1,200x g (10 min) to obtain a pellet (P1) and a supernatant (S1). The pellet P1 was quickly resuspended in homogenization buffer plus 0.1% (w/v) Triton X-100 (TX-100) and centrifuged again to obtain a soluble (N sup) and a particulate fraction (N pel). The supernatant S1 was centrifuged at 100,000x g (40 min) to obtain a particulate (P3) fraction and a soluble (S3) fraction. Detergent-insoluble glycosphingolipid and cholesterol-rich complexes (DIGs) were prepared from rat brain homogenized in ice-cold lysis buffer (25 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM EDTA and 1% Triton X-100) as described [29] . The homogenate was brought to 40% sucrose (w/v) in a final volume of 4 ml and placed at the bottom of a discontinuous gradient of sucrose composed of two more layers: an intermediate 6 ml layer (30% sucrose) and an upper 2 ml layer (5% sucrose). After equilibrium centrifugation at 100,000 xg, the interface between 5 and 30% sucrose was collected by aspiration and separated as the DIG fraction. The fraction at the bottom (40% sucrose) was taken and defined as the Triton X-100 soluble fraction. For cell extracts, cells were scraped and homogenized (250 μl/P35) in cold medium (10 mM Tris-HCl, pH 7.5, 2 mM EDTA, 10 mM 2-mercaptoethanol, 1 μg/ml pepstatin, 1 μg/ml aprotinin, 1 μg/ml leupeptin and 1 mM PMSF) and centrifuged at 1,000x g for 10 minutes (4ºC). The pellet (P1) was separated and the supernatant centrifuged again at 100,000x g for 40 min (4ºC) to obtain a soluble fraction (S3) and a particulate fraction (P3). Final resuspension volumes were identical for all fractions. Aliquots from different fractions were mixed with electrophoresis sample buffer, heated at 90ºC for 1 min, separated by SDS-PAGE and processed for Western blot as described [27] .
Polyclonal antibodies to Ng were used at 1:12,000. Immunoreactive bands were visualized using HRPconjugated secondary antibodies and enhanced chemiluminescence detection (ECL kit, Amersham).
General Methods
Restriction-enzyme digestions, DNA ligations, site-directed mutagenesis and other recombinant DNA procedures were performed using standard protocols. All DNA constructs were verified by DNA sequencing.
typically distributed in small aggregates throughout the somatodendritic compartment of neurons [20, 21, 23] . In the present study, we confirmed these data on immunostained sections, using light ( Figure 1A ) and electron microscopy (EM) ( Figure 1B ) and additionally found significant amounts of Ng localizing at intracellular membranes ( Figure 1B ). This observation prompted us to study the association of Ng with cellular membranes. Thus, rat brains homogenized in isotonic sucrose were density fractionated and their Ng content analyzed by Western blot. More than 50% of brain Ng was recovered in the high-speed supernatant (S3) ( Figure 1C ). However, Ng is also present in the synaptosomal (Syn) fraction and, more abundantly, in the nuclei-enriched fraction (P1). Since, as seen at the light and electron microscope, Ng is not so prevailing within nuclei, and since other non-nuclear proteins, such as GAP-43, tubulin and synaptophysin, are also abundantly recovered at P1 fractions, we analyzed Ng presence at P1 fractions with more detail. Rat brain homogenates were prepared in hypotonic saline and the low-speed pellets (P1) resuspended in the same buffer with 0.1% (w/v) TX-100 and quickly centrifuged again to obtain, a nuclear pellet (N pel) and a nuclear soluble fraction (N sup). As shown in Figure 1D , Ng in the P1 fraction is almost totally extracted after resuspension with TX-100. Similar results were obtained for GAP-43, tubulin and synaptophysin (not shown), indicating that these proteins are not really localized within nuclei but have been retained in associated membranes. Figure 1C also shows that more than 20% of brain Ng is recovered in the synaptosomal fraction. When synaptosomes were broken by hypotonic shock, Ng remained tightly associated to membranes. Ng could only be released from these membranes with detergents (TX-100, 0.1% w/v) or chaotropic agents (6M Urea) ( Figure 1F ), but not by changes in ionic strength or pH (not shown). These results indicate a strong interaction between Ng and synaptosomal membranes that could be mediated by lipids, membrane proteins or both. Finally, to find out if Ng was part of lipid rafts enriched in sphingolipids and cholesterol, detergent-insoluble glycosphingolipid and cholesterol-rich complexes (DIGs) were isolated from rat brains. As shown in Figure 1E , Ng is not present in DIGs, unlike GAP-43.
Ng binds to phosphatidic acid. To date, the only Ng-interacting protein known is CaM [6, [30] [31] [32] .
However, Ng characteristic distribution within neurons and tight attachment to synaptosomal membranes suggest additional interactions. Using Ng immunoprecipitation and cell-permeable cross-linkers, we were unable to identify additional binding partners. We then explored the possibility of a direct interaction between Ng and membrane lipids using a lipid-protein overlay assay (PIP strips, Echelon). Figure 2A shows that Ng selectively binds to PA whereas GAP-43, which shares with Ng a similar IQ motif, does not Neurogranin binds to phosphatidic acid bind to PA but to several other phosphoinositides. To discard the possibility of non-specific binding, two different affinity-purified Ng antibodies were used and identical results were obtained. To determine the specificity and affinity of the interaction, we prepared our own PA-spotted Hybond-C nitrocellulose strips using dipalmitoyl-PA, PA from egg yolk and dioleoyl-PA. We found that Ng binds to all of them, but
shows lower affinity for dioleoyl-PA (not shown). This result may be related to the different adsorption of the lipids to the nitrocellulose support. From assays using several concentrations of Ng and egg yolk PA,
we calculated the affinity of the interaction (K D = 83±16 nM, mean±SEM, n=4) ( Figure 2B ). Since Ng concentration within neurons is estimated at 10 μM [10] it could be stated that, in the absence of competing interactions, most Ng would be complexed to PA. Next, to investigate the forces involved in stabilizing the interaction we tested the effect of ionic strength and pH. Figures 2C and 2D show that Ng binding to PA is maximal at physiological salt concentrations and peaks at pH values between 8,0 and 8,5.
These results indicate that, electrostatic forces presumptively established between the phosphate group of PA and basic sequences of Ng are important to stabilize the interaction, although the concurrence of hydrophobic interactions cannot be ruled out.
The IQ motif, a central stretch 15-20 amino acid long, concentrates most of the basic residues of Ng. This motif is also the binding site for CaM and hosts the PKC phosphorylation site (Ser36) [1] . Therefore, we wished to know if CaM or phosphorylation by PKC interfered with the interaction. Figure 3A shows that Ng preincubation with increasing concentrations of CaM substantially reduced its binding to PA,
indicating that Ng-CaM and Ng-PA interactions are mutually exclusive. To check the phosphorylation effect, purified recombinant Ng was phosphorylated with PKC and the reaction mixture passed through a CaM-Agarose column to remove non-phosphorylated Ng. Since only non-phosphorylated Ng binds CaM, the flow-through contains exclusively phosphorylated Ng. Figure 3B shows that phosphorylated Ng displays less affinity for PA than non-phosphorylated Ng, suggesting that phosphorylation interferes with the interaction. The Ng antibodies used were insensitive to the phosphorylation state of Ng. To evaluate the contribution of the IQ motif, a peptide corresponding to the sequence Ng(29-47) was synthesized and biotinylated at the N-terminus. As shown in Figure 3C , the biotin-IQ peptide binds to PA in a saturable fashion whereas the same peptide phosphorylated at Ser36 (biotin-IQ-P) did not display significant binding. The relative affinity of the peptide for PA is lower than Ng's, suggesting that either the spatial conformation and/or additional Ng residues could play a role in the interaction. The possibility of cooperative binding between Ng oligomers and multiple PA molecules should not be disregarded either.
To confirm the data obtained with the lipid-protein overlays we used liposomes, which more faithfully Since Ng is more a peptide than a protein (78 amino acid long), we thought that some Ng could be lost during the fixation and/or permeabilization steps. To check that, we compared different IF protocols and found that cooling the cells during fixation and maintaining the procedure thereafter at low temperatures Ng were found in the particulate fractions P1 and P3, whereas GFP was only found in the soluble fraction S3 ( Figure 4D ).
The IQ motif is involved in Ng translocation to the plasma membrane. We next wished to find out the region of the Ng molecule responsible of its peripheral localization. Initially, we used several Ng mutants with mutations at Ser36 and N-terminal cysteines, and found that Ng-S36A, Ng-S36D and Ng-C3,4,9S
localize at the plasma membrane in the same way as Ng does. Ng-S36A and Ng-S36D mutants are meant to mimic the non-phosphorylated and phosphorylated forms of Ng, respectively. Therefore, we reasoned that if Ng binding to PA is responsible of association to membranes, then Ng-S36D should be cytosolic.
Another explanation could be that Ng mutants bind PA with equal affinity that Ng. To test that, recombinant Ng-S36A, Ng-S36D and Ng-C3,4,9S were purified and their binding to PA compared to that of Ng in protein-lipid overlays. No affinity differences were found between Ng and the mutants, thus suggesting that Ser36 and Cys3,4,9 residues are not directly involved in Ng-PA interaction. Mutagenesis at phosphorylatable residues is frequently used to study the physiological relevance of particular phosphorylation sites. However, it is not uncommon to find that mutations of Ser/Thr to Asp do not reproduce the behaviour of the phosphorylated protein. In fact, it has been shown that although phosphorylated Ng shows negligible binding to CaM, Ng-S36D displays significant binding to CaM, whereas Ng-I33Q, another unrelated mutant, is unable to bind CaM [32] . We confirmed these data by comparing the affinities of the Ng mutants for CaM "in vitro". Phospholipase D and PIP5KIα overexpression alters Ng intracellular distribution. Having identified and characterized the interaction between Ng and PA, we were interested to investigate its physiological relevance. PLD1 and PLD2 catalyze PA production from PC in mammals and, along with DGKs constitute the major source of cellular PA for signalling purposes [15] . To analyze the effect of an increased production of cellular PA, we overexpressed GFP-tagged PLDs and analyzed Ng distribution. PLD2 and, to a lesser extent, PLD1 overexpression visibly altered Ng distribution ( Figure 6 ). Following PLD overexpression, Ng turned from labelling multiple and small intracellular puncta to a distribution characterized by bigger aggregates disseminated within the cytoplasm or a distribution where practically all Ng was concentrated in one strongly labelled peripheral patch. The patches resembled previously observed PMRSSs, but now appeared to be practically filled with Ng. After "in situ" permeabilization, Ng was observed in intracellular vesicles that were bigger and less numerous than those found in cells expressing only Ng (see Figure 4 ). PLD2 and PLD1 localized to either the plasma membrane or intracellular vesicles, respectively, even after "in situ" permeabilization, according to what has been already described [34, 35] . No colocalization could be detected between Ng and PLD1 or PLD2. It has been shown that PA and PIP2 production are mutually and positively regulated, for example in membrane ruffles, through cross-activation of PIP5Kα and PLD with PA and phosphatidylinositol 4,5 bisphosphate (PIP2), respectively [36] . It is also known that PLD2 has a high catalytic activity which is almost exclusively dependent on PIP2 [37] . To find out how an increase in cellular PIP2 affects Ng distribution we overexpressed PIP5KIα. As illustrated in Figure 7 (upper panel), no Ng-labelled PMRSSs were observed in PIP5KIα expressing cells. Instead, Ng labelled multiple small protrusions or blebs decorating the dorsal surface of the plasma membrane where PIP5KIα was also observed. When Ng was coexpressed along with PIP5KIα and PLD2, the same peripheral distribution was found all three proteins ( Figure 7 , lower panel). Since the interaction between PIP5KIα and PLD2 has been clearly documented [38] , it is suggested that Ng localization in PIP5KIα overexpressing cells is mediated by local generation of PIP2 and upregulation of PLD2 activity.
DISCUSSION
In recent years, the study of Ng participation in neuronal plasticity events has been addressed from multiple approaches [12, [39] [40] [41] [42] [43] [44] . In most of them, the general understanding that Ng solely acts as a local
CaM chelator concentrating and releasing CaM in a calcium and PKC activity dependent fashion has dominated the discussions. Intracellular signalling not only depends on protein modification but also on restricted subcellular localization and regulated translocation. This is especially relevant in highly complex and morphologically asymmetrical cells such as neurons, where compartmentalization is fundamental for proper function. In the present study, we have undertaken a different approach that relies on the analysis of Ng subcellular localization in a variety of conditions and environments.
Using immunocytochemistry combined with EM, we have confirmed that Ng typically distributes in small aggregates and strongly labels intracellular membranes in neurons. Ng presence in aggregates has been previously observed by other authors [1] and could be related to its strong tendency to form disulfidelinked oligomers. Ng could also be part of multimeric complexes of yet undefined composition and functionality. Regarding membrane association, earlier work had already reported Ng at membranes [20] [21] [22] 30] although no binding partners were identified. Here, we show that Ng tightly associates to synaptosomal membranes and selectively binds to PA "in vitro". Since no other binding partners were found, we propose that Ng binding to PA is required for membrane association. In protein-lipid overlays, Ng binding to PA is stabilized by ionic interactions. However, Ng association to synaptosomal membranes is not equally affected by changes of ionic strength or pH. Therefore, we believe that additional interactions should be involved. Since non-ionic detergents effectively extracted Ng from synaptosomal membranes, we propose that these interactions could be of hydrophobic nature. Further, cellular Ng could interact with membranes as an oligomer and cooperatively bind to PA clusters or be further assembled in a multimeric complex at the PSD. Our data also indicates that the IQ motif mediates Ng binding to PA.
There are several proteins whose PA-binding motifs have been identified [45, 46] . Although there is no strict PA-binding consensus sequence, most commonly, PA-binding motifs are short sequences that contain one or more basic residues. Ng IQ motif is a short (15-20 amino acids) amphiphilic (basic and hydrophobic) central region of the molecule that makes a good candidate for a PA-binding motif. Since Ng IQ motif is also the site of CaM binding and PKC phosphorylation, this finding has interesting regulatory implications.
Evidence supporting Ng association with membranes was also obtained in NIH-3T3 cells. In these experiments, the design of an optimized IF method was determinant to see Ng accumulations at the cell periphery (PMRSSs). The morphology and localization of Ng-labelled PMRSSs lead us to think that they could be related to macropinocytic vesicles originated in ruffling areas that collapsed upon cell fixation [47] . Further, "in situ" permeabilization experiments demonstrated that Ng, although mostly soluble, also associates to multiple intracellular vesicles. Looking for the domains involved in membrane association, we found that Ng-IQless, a mutant without IQ motif, does not localize at the plasma membrane and completely disappears after "in situ" permeabilization. Further, double-Ng, a mutant that features two Ng molecules linked in tandem and consequently two IQ motifs, displays a plasma membrane localization even more evident than Ng. These observations suggest that the IQ motif is important in defining Ng intracellular distribution. On the other hand, Ng-I33Q, a mutant unable to bind CaM, is also widely localized at the plasma membrane with a distribution similar to Ng. Since the IQ motif is the site of CaM interaction, it can be concluded that CaM is not necessary for Ng association to membranes. This is in good agreement with our previous "in vitro" results showing that Ng binding to CaM and to PA are mutually exclusive. Evidence supporting "in vivo" interaction between Ng and PA came from coexpression experiments. Expression of PLD2-GFP and, to certain extent, PLD1-GFP induced visible Ng accumulation at the plasma membrane and localization at bigger intracellular vesicles observed after "in situ" permeabilization. Local PA and PIP2 levels at the plasma membrane are closely linked through crossactivation of PIP5KIα and PLD2. In cells overexpressing PIP5KIα, Ng localizes at the plasma membrane labelling multiple miniprotrusions, many of them containing also PIP5KIα. When PLD2 is overexpressed in these cells, a high degree of colocalization is observed among PIP5KIα, PLD2 and Ng. This suggests that PIP5KIα recruits PLD2 to the miniprotrusions and stimulates its activity by local production of free PIP2. As a result, Ng would be trapped in these sites by PA locally synthesized by PLD2. In summary, based in our results, we propose that Ng dynamically translocates between intracellular compartments and the plasma membrane and that newly synthesized PA, most likely derived from PIP2-stimulated PLD, is an essential factor in regulating its subcellular distribution.
Assessing the physiological relevance of the interaction between Ng and PA is not a straightforward task, mainly because very little is known of the relevance of PA as a second messenger in a neuronal context [14] . Most likely, intraneuronal distribution of PA would also be tightly regulated by multiple synthesizing and degrading enzymes and, possibly, PA-binding proteins. Fusions of fluorescent proteins with known PA-binding domains (Raf1c, PP1cγ) have failed to report "in vivo" PA distribution (personal comm. of Dr M. Frohman, Stony Brook). With the available data, we could speculate on the functional relevance of Ng-PA interaction at least in two directions. First, PA could act as a membrane anchor to locally recruit and concentrate Ng at specific sites in dendrites. In this way, Ng would benefit from the dynamic and tightly regulated spatiotemporal distribution of PA. This could also explain the selective concentration of Ng at Neurogranin binds to phosphatidic acid dendritic spines and post-synaptic densities (PSDs), in spite of being a predominantly cytosolic protein [21, 22] . Second, since newly-synthesized PA has a short half-life, binding to Ng could prevent its degradation and contribute to create a PA reservoir that could be quickly, locally and massively released, for example, after Ng phosphorylation by PKC. Ng, due to its small size and high intracellular mobility, would be a suitable molecule to realize this task. In this scenario, Ng would be an important element to potentiate PAdependent signalling.
Ng knockout mice suffer from learning and memory deficits. Our current knowledge on learning and memory at the molecular level is based on what we know about LTP and LTD mechanisms, which dictate the signalling context that leads to neurotransmission amplification or attenuation. The balance between kinase and phosphatase activity is crucial for the regulation of the LTP/LTD switch, and CaMKII and PP1
are two key actors in this interplay. Much attention has been paid to Ng ability to release free CaM and its effect on Ca-CaMKII activity [44, 48, 49] . However, not only kinases are important for LTP. Inhibition of phosphatase activity has been demonstrated at least as powerful as kinase stimulation to promote LTP [50, 51] . In this context, it is suggestive to find out that PP1γ, the predominant PP1 isoform in the postsynaptic compartment [52] , is potently inhibited by PA [18] . Therefore, Ng participation in synaptic plasticity mechanisms could be as illustrated in Figure 8 . Under resting conditions, most Ng would be associated to 
